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A simple technique for vibrational spectroscopy of metal/monolayer/silicon structures is applied to study the
interaction of Au, Al, and Ti with alkane monolayers, either assembled onto thin oxides or directly attached
to Si. The results are correlated with current-voltage and capacitance-voltage measurements. Alkane films
on oxides are found to be robust with respect to the deposition of Au and Al and are partially consumed
during the deposition of Ti. In contrast, alkoxy films directly attached to H-terminated Si via an ether linkage
are displaced by all three metals. The vibrational data are positively correlated with the electrical data to
establish an improved understanding of the interactions at the buried metal/monolayer interface. The results
demonstrate extreme sensitivity of the monolayer/metal reactivity to the nature of the film/substrate bonding.

Introduction

The buried interface between metals and thin organic films
is critical to a diversity of technologies, from bonding/adhesion
to corrosion resistance. Because of the ability to prepare well-
defined organic surfaces, the interface between metals and self-
assembled monolayer (SAM) films has been extensively studied
as a model for more complex interfaces.1 In recent years, the
metal/monolayer/substrate system has become of considerable
interest in its own right, due to wide interest in molecular
electronics and other technological opportunities in the area of
electronics. SAMs hold promise as replacement diffusion
barriers and dielectrics in conventional semiconductor device
architectures2 and are being explored as active components in
molecular electronic schemes.3 Critical to the development of
this last application is the correlation of electrical performance
with molecular structure. A diversity of electrical behavior has
been reported for molecular devices. In some, it is clear that
the behavior is molecule independent; i.e., it is associated with
the molecule-electrode combination in the measurement plat-
form.4,5

The buried metal/monolayer/substrate interface is remarkably
difficult to characterize in situ. Metal films become opaque to
both optical and charge particle probes at thicknesses on the
order of 10 nm. Therefore, the bulk of the analysis of metal/
monolayer systems has been done either via the use of
semitransparent metal layers or via destructive analysis. In the
case of films on Si (an infrared (IR) transparent material) internal
reflection techniques, both multiple6 and grazing incidence7 can
be used. In this report, we present the results of a straightforward
optical measurement, p-polarized backside reflection absorption
infrared spectroscopy (pb-RAIRS). It is applicable to any metal/
molecule/substrate system where the substrate is IR transparent.
It has the advantage over internal reflection that special substrate
shapes are not required; therefore, it can be extended to the
direct study of patterned capacitors with the use of high
brightness sources and grazing incidence microscopy. In addi-

tion, the accessible frequency range is not restricted by
multiphonon absorption as in a multiple internal reflection
geometry. However, the intrinsic sensitivity is less than the
internal approaches. We apply pb-RAIRS to the characterization
of the interface between vapor-deposited top metal contacts (Al,
Au, and Ti with a Au overlayer) and alkane dielectric films
attached to Si substrates. To determine the effect of monolayer
structure, as determined by pb-RAIRS, on the end performance
of molecular electronic devices, the results are directly correlated
with electrical characterization of capacitor structures on identi-
cally fabricated films. The agreement of the results from these
very different characterization approaches increases our confi-
dence in both the experimental results and our interpretations.
We find strikingly different behavior for films attached to thin
oxides via hydrosilation reactions and films directly attached
to Si via UV mediation. This variability in monolayer/top-metal
reactivity for identical alkane surface functionality demonstrates
the extreme importance of the film/substrate bonding and has
ramifications on the design and fabrication of hybrid Si molecule
electronic devices.

Experimental Section

Alkane monolayers from the reaction of octadecanetrichlo-
rosilane (OTS) were formed on both thermal oxide and native
oxide films. The substrates were double side polished Si(111)
wafers (P doped, 8-12 Ω‚cm). The wafers were first RCA
cleaned. The resultant chemical oxide was stripped by buffered
oxide etch prior to growth of the dry thermal oxide (800°C
with a 30-min densification anneal in N2 at 1000°C, 3.6 nm
thick). For the native oxide samples (1.7 nm thick), the RCA
oxide was strengthened by a 30-min treatment in a commercial
UV-ozone cleaner (UVO). OTS was deposited by immersion
of the substrates in a 2 mmol/L solution in hexadecane for 18
h. Immediately prior to immersion, both thermal and native
oxide samples were cleaned by using a 5-min UVO treatment
per side. All OTS processing was done in a class 10 000 clean
room at a relative humidity of 45%. Upon removal from
solution, the samples were cleaned by ultrasonic treatment in
chloroform, isopropyl alcohol, and 18 MΩ‚cm water and then
annealed at 150°C for 10 min. Thickness of the films was
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determined by spectroscopic ellipsometry (1.2-6.5 eV). The
oxide thickness was determined from freshly UVO cleaned
reference films by using a three-phase model (air, SiO2, Si) and
the SiO2 index of refraction reported by Brixner.8 The OTS film
thickness was determined from a four-phase model (air, OTS,
SiO2, Si), fixing the oxide thickness at the reference film value
and assuming an index of 1.5 for the OTS layer. The alkane
film thickness on the native oxide samples was 2.6( 0.1 nm,
while that on the thermal oxide was consistently lower: 2.3(
0.1 nm. We attribute the difference in the derived thicknesses
of the OTS on the native and thermal oxides to the formation
of slightly denser OTS films on the native oxides. Sessile drop
water contact angles were 109( 1° and 106( 1° on the native
and thermal oxide samples, respectively. Slightly denser films
(2.9( 0.4 nm) were formed after air plasma treating the surfaces
(2 min); however, the plasma treatment produced excessive
charged defects at the interface, resulting in highly nonideal
capacitors (see Supplemental Information). Alkoxy monolayers
directly attached to Si were formed by the UV promotion of
the reaction of dilute solutions of octadecyl alcohol (OA) in
CH2Cl2 with the H-terminated Si(111) surface (H-Si) as
described previously.9,10 The resultant films are dense and
covalently bonded to the Si(111) substrate. Direct attachment
was indicated by the elimination of the Si-H vibrational
features. The films were moderately robust to oxidative attack,
as no Si-O-Si features were observed during brief (24 h)
exposure to air. The ellipsometric thickness of the films was
2.2 ( 0.1 nm,11 with typical water contact angles of 112°. The
ellipsometric thickness indicates a slightly lower density for the
directly attached films, compared to silanization, which has been
attributed to packing constraints imposed by the Si lattice.10

Three top metal layers were deposited from physical evapora-
tion sources: 200 nm of Al, 200 nm of Au, and 9 nm of Ti
followed by 200 nm Au (Ti:Au).12,13 The deposition rate was
nominally 0.1 nm/sec for the first∼10 nm and then (0.5-0.8)
nm/sec for the remaining deposition. The evaporator base
pressure prior to evaporation was 1.3× 10-4 Pa (10-6 Torr)
and did not exceed 1.3× 10-3 Pa (10-5 Torr) during
evaporation. The sources were∼60 cm from the target. Blanket
metal films were deposited on∼(15 mm× 15 mm) samples
for Fourier transform infrared (FTIR) characterization, while
arrays of 150µm diameter dots were deposited via a shadow
mask to form simple capacitor structures for electrical charac-
terization. The relatively large device area, the lack of a backside
metal contact, and the dense spacing of the top-metal dots make
these simple structures ideal for direct comparison with the pb-
RAIRS measurements; however, these same features make these
less than optimal electrical test structures.

Reference samples were created by deposition of the metals
directly on the thermal and native oxide films, and on H-Si.
The alkane films and metal depositions were performed via
batch processing, providing a high degree of reproducibility.
All IR spectra were recorded with a commercial Fourier
transform instrument with a MCT detector at 8-cm-1 resolution.
Scans (512) were co-added for a total data acquisition time of
∼6.5 min. p-Polarized Brewster-angle (∼73.7°) transmission
spectra were acquired with a custom-built sample holder.
p-Polarized, near-Brewster-angle, backside reflection spectra
were acquired with a commercial 80° reflection accessory. The
actual reflection angle was determined to be∼76.5°. For both
measurements, wire grid polarizers (on either ZnSe or BaF2

substrates) were used to define the polarization. Figure 1 presents
schematic diagrams for both the transmission and pb-RAIRS

experimental configurations. All electrical measurements were
performed with a commercial low-electronic noise probe station.

Results and Discussion

Siloxane Films. p-Polarized Brewster-angle transmission
spectra of the double side functionalized alkane reference films
on the thermal oxides (OTS/Thr) are shown in Figure 1. The
spectra are referenced to a freshly prepared H-Si sample and
agree with previous reports.7,14 The dominant features in the
oxide region are the Si-O-Si symmetric stretch (νsym) at∼816
cm-1, the Si-O-Si asymmetric TO phonon at 1066 cm-1, and
LO phonon at 1262 cm-1. The negative dip at 1107 cm-1 is an
artifact due to a slight miscancellation of the Si-O-Si stretch
of bulk O impurities.15 The dominant features in the C-H stretch
region are the methylene symmetric stretch (d+ near 2850 cm-1)
and asymmetric stretch (d- near 2920 cm-1). These stretch
frequencies can be used to characterize the degree of order of
the alkane backbone.16,17 The observed C-H frequencies for
OTS/Thr (Table 1) are consistent with a nearly all-trans,
crystalline film. The observed C-H frequencies for the OTS
on native oxide films (OTS/Nat, Table 1, spectra not shown)
were consistently red shifted with respect to OTS/Thr, suggest-
ing slightly better ordered, more dense films were formed on
the native oxide, consistent with ellipsometry and contact angle.

Also shown in Figure 1 are the pb-RAIRS of the metalized
films. The spectra are referenced to the appropriate metal
deposited on an H-Si sample. It is essential that the entrance
faces of the sample and reference be vibrationally equivalent.
For the Au and Ti:Au samples, this was achieved by the
following post metal deposition processing: 5-min UVO clean,
18-MΩ‚cm water rinse, 3-min UVO clean, 18-MΩ‚cm water
rinse, HF strip, and 30-min UVO oxide growth. For the Al/
OTS samples, it was found that the Al film delaminated upon
contact with water. Therefore the Al/OTS samples were not

Figure 1. p-Polarized transmission and reflection IR spectra for OTS
films assembled on thermal oxides. Black lines, p-Polarized transmis-
sion; color lines, metal/OTS/oxide; grey lines in (a) metal/oxide; Model
spectra with isotropic (dotted lines) and biaxial (dashedlines) dielectric
functions. Schematic: experimental configurations for (left) p-polarized
Brewster-angle transmission and (right) pb-RAIRS. The film thicknesses
are not draw to scale.
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postmetalization processed. The vibrational contribution from
the alkane film on the entrance face was subtracted based on
detailed modeling and the transmission reference film (see
Supplemental Information). In the low wavenumber region
(800-1400) cm-1, the spectrum is dominated by the Si-O LO
phonon. A weak feature attributed to aluminum oxide is
observed at∼930 cm-1 for the Al/OTS/Thr and Nat samples.
No alumina features were observed for Al/SiO2, consistent with
earlier work.7 (The Si-O-Al vibration cannot be isolated from
the Si-O symmetric stretch at 816 cm-1.) No additional oxide
features were observed for either the Au or Ti:Au films. Under
the metal deposition conditions used in fabricating the samples,
it is likely that oxides of Al and Ti will form,18 and metal oxide
control samples were fabricated to investigate the vibrational
spectra that would be associated with possible metal oxides.
Thin (∼2 nm) films of Ti and Al were oxidized by exposure to
ambient atmosphere. Thick Au films were then deposited to
form an IR-reflective top-metal to enable pb-RAIRS measure-
ments. While a well-resolved AlOx peak was observed at∼930
cm-1 in the Al oxide control, no oxide peaks are clearly resolved
in the Ti oxide sample.19 For a thin TiO2 film on a reflective
substrate, the LO phonon appears as a broad feature20 near 850
cm-1. Our sensitivity to TiO2 is poor, as the feature is nominally
degenerate with the Si-O symmetric stretch at 813 cm-1.

In the C-H stretch region, the vibrational spectra of the Al
and Au metalized OTS films are very similar. The d- frequency
shifts slightly to higher wavenumbers upon metal deposition,
indicative of slight disordering of the chains due to weak
interactions with the metal. Additionally, a new, broad, weak
feature appears at∼2825 cm-1. This is attributed to a “soft”
methylene mode,21 indicating interaction of the methylenes with
the deposited metal, suggestive of some degree of penetration
of the film by the metal. The integrated intensity of the soft
mode is 0.2 that of the d+ mode at 2853 cm-1. In contrast to
the Al and Au results, the Ti:Au metallization causes significant
changes in the vibrational spectra. The intensities of all bands
are severely reduced indicative of the partial consumption of
the alkane monolayer, and the d- frequency appears at 2926
cm-1, characteristic of a disordered liquid. The severe attenu-
ation and disruption of the film is consistent with earlier studies
of Ti on alkanes6,22,23and suggests chemical interaction between
the Ti and the hydrocarbon, probably due to Ti carbide
formation.22

We have attempted to gain further insights into the degree
of interaction between the metal and the film by quantitative
modeling of the FTIR spectra. This is essential, as the presence
of the metal overlayer significantly changes the nature of the
measurement. Shown in Figure 1a is a fit of the low wavenum-
ber transmission spectrum to a five-phase model (air, oxide,
silicon, oxide, air) where the silicon oxide is assumed to be
3.5-nm thick and has an isotropic dielectric function given by
a constant and the sum of 3 Gauss-Lorentz vibrational features
at 813, 1062, and 1188 cm-1. These frequencies agree well with
earlier studies of amorphous SiO2.7 Also shown in Figure 1a is
forward simulated pb-RAIRS for the six-phase model: air,

silicon, oxide, OTS (2.6 nm), amorphous alumina, Al.24 The
a-alumina film was assumed to be 0.1 nm thick. All other
parameters of the reflection spectrum were fixed. The Si-O
νsym and TO phonon are suppressed in the reflection spectrum
compared to the transmission spectrum. This is because the
presence of the metal over layer imposes the surface selection
rule, and the reflection spectrum is dominated by the normal
element of the film dielectric tensor, while the transmission
spectrum, due to refraction, samples a nearly equal mix of the
in-plane and normal components. There is a frequency shift
between the alumina feature and that predicted by the literature
dielectric function for a-alumina.25 However, the comparison
establishes that the alumina layer is of order∼0.1 nm thick.

OTS functionalization is known to produce dense, well-
ordered films with all-trans chains oriented near the surface
normal.26 This results in a highly birefringent (uniaxial) dielectric
function ε for the alkane layer. We have developed a uniaxial
model for the OTS films, based on fitting the p- and s-polarized
Brewster-angle transmission spectra (see Supplemental Informa-
tion for details).14 Shown in Figure 1b as a dashed line is the
expected reflection spectra if there is no perturbation of the film
by the metal. Note that the unperturbed model does not well
represent the observations. We have also simulated the reflection
spectra, assuming the film has an isotropic dielectric function
given by the average of the uniaxial filmεiso ) (2ε| + εz)/3.
This is shown as the dotted line. This simulated spectrum does
not include the line-broadening and frequency shifts arising from
disorder in the film. However, the integrated intensity of the
isotropic model is in fair agreement with the observed spectra,
suggesting minimal loss of material from the organic film.

The direct current (dc) current-voltage (I-V) characteristics
of the vertical capacitor device structures are shown in Figure
2. Simple tunneling theory cannot be used to analyze the IV

TABLE 1: Characteristic Vibrational Frequencies (cm-1)

transmission Al Au Ti:Au

modea OTS/Nat OTS/Thr OA OTS/Nat OTS/Thr OTS/Nat OTS/Thr OTS/Nat OTS/Thr

d+ 2851 2852 2855 2853 2854 2852 2853 2853 2855
r+ 2879 2879 2880 NRb NR 2873 NR 2870 2870
d- 2919 2921 2925 2923 2925 2923 2925 2925 2927
r- 2964 2964 2963 2960 2955 2958 2957 2956 2956

a Mode notation is that of ref 17.b Not resolved.

Figure 2. I-V characteristics for capacitors formed from the various
metals on thin oxides and molecular films. Key: solid lines, metal/
oxide; dashed lines, metal/molecule/oxide.
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curves because the thin oxide and monolayers do not form ideal
tunnel barriers. Also, simple metal/semiconductor contact
(Schottky) theory does not completely describe the IV data
because the top metallization does not form clean metal/
semiconductor-substrate contacts through the thin oxides and
monolayers. Because a quantitative description of these IV
curves is challenging, we have taken a qualitative approach to
analysis of the IV data. The native oxide is a poor dielectric,
and the metals deposited on the native oxide reference films
exhibit behavior qualitatively expected for metal/semiconductor
junctions. Au is most strongly rectifying (on these n-type Si
substrates) due to its large work function. Because of the light
substrate doping and lack of a backside metal contact necessary
for IR transmission, electrical substrate contact is not optimal,
and there is some unavoidable sample-to-sample variability.27

The presence of the OTS film significantly decreases the
amplitude of the leakage current for the case of Al and Au,
indicating (1) the presence of an OTS/oxide dielectric stack and
(2) that there is minimal metal penetration of the OTS film.
The Ti:Au metalization results in intermediate current blocking
behavior: the OTS functionalization still seems to prevent metal
penetration of the OTS; however, the dielectric stack resistance
is low, which is suggestive of a relatively thinner OTS/oxide
dielectric stack. The reference capacitors on the thermal oxides
behave more ideally. Even with this thicker, higher-quality SiO2,
there is marked improvement in the blocking characteristics of
the dielectric with the addition of the OTS films.

A simple estimate of the upper limit on the area of metal
interpenetration can be determined (from comparison of the
OTS/oxide and oxide-control IV data) by assuming the OTS
areas are fully blocking and attributing all current to fully
penetrating metal asperities. The∼106 decrease in current at 1
V for the Al/OTS/Nat device implies a defect densitye1010

cm-2. FTIR can also determine an upper limit by using an
effective medium model for the mixed metal/molecule layer
similar to that used by Beirhals et al.7 to estimate the density
of Al asperities in thermally stressed Al/SiO2/Si capacitors. FTIR
places an upper limit of∼1% metal fraction in the layer. These
estimates demonstrate that electrical measurements are much
more sensitive to defects than the FTIR.

To characterize the metal molecule interactions further,
alternating current (ac) capacitance-voltage (CV) curves were
taken on 150-µm diameter dot capacitors identical to those used
for the IV measurements for all the combinations of top-gate
metals (Au, Al, and Ti) and dielectric/substrates (OTS/Thr, Thr,
OTS/Nat, Nat, C18O, and H-terminated). Figure 3 compares
typical results for CV measurements of metal/OTS/Thr devices
and metal/Thr control samples for all three metals. In each case,
the accumulation capacitance value (observed for positive
biases) is decreased by the OTS monolayer. This change in the
accumulation capacitance value indicates that in all cases the
OTS monolayer is behaving as a dielectric layer; i.e., the total
effective thickness of the OTS/Thr dielectric stack is thicker
than the total effective thickness of the thermal oxide layer alone.
Easily analyzed data could not be obtained from capacitor
devices formed directly on the native oxide due to the large dc
leakage currents. Typically, acceptable CV curves were mea-
sured for the metal/OTS/Nat samples, confirming that the OTS
monolayers are blocking current and leading to effectively
thicker dielectric stacks than native oxide alone.

By presumption of two capacitors in series, (CSiO2and Calkane),
the dielectric thickness of the alkane films can be extracted from
the CV characteristics of the OTS/Thr devices by using the
values for CSiO2 experimentally measured for the thermal oxide

control samples and based on a dielectric constant of 2.5 (at 1
kHz) for the alkane monolayer. For the Ti/OTS devices, an OTS
thickness of 0.7 nm was extracted. This is consistent with the
pb-RAIRS (integrated intensity of the d+ and d- bands was
0.2 that of the isotropic reference spectrum implying∼0.5 nm
of remaining hydrocarbon) and supports the hypothesis of film
consumption due to carbide formation. For the Al and Au
devices, an OTS electrical thickness of 1.5 nm was determined.
In the pb-RAIRS, the integrated d+ and d- intensities of the
main features was∼0.7 that of the isotropic reference (implying
a thickness∼1.8 nm), while the ratio of the soft d+ (2825 cm-1)
to the main d+ (2852 cm-1) was 0.2. The electrical and optical
data are most consistent with a thin (∼0.5 nm) selvage region
characterized by partial metal penetration into the film.

The deposition of Al, Au, and Ti has been extensively studied
on self-assembled monolayers of functionalized alkane thiols
on Au substrates. The deposition of Au on aliphatic films results
in extensive penetration of the film by the Au (attributed to a
dynamic defect mechanism mediated by the low corrugation
for thiol linkages to Au), and the molecular film “floats” on
the deposited metal.28 For Al, the first monolayer of metal
penetrates and forms a Au-Al alloy.29 However, the subsequent
metal forms a layer on top of the alkane film, presumably due
to higher corrugation for the thiol-Al linkage. For Ti, extensive
reaction with the film is observed.6,22,23Our spectroscopic results
are consistent with this earlier work and the assumption that
the dynamic defect mechanism is shut down by the rigid
siloxane linkage of the alkane film. While it is clear that both
Al and Au perturb the nearly ideal ordering of the chains, we
do not observe as great a metal-molecule interaction as reported
by Jun et al. on Au/OTS/Si via ATR.6 In our study, the full
width at half maximum of the d- broadens from 20( 1 cm-1

for the as-assembled films to 24( 1 cm-1 for both Au and Al,
compared to 46 cm-1 in ref 6. The origin of this discrepancy is
unclear.

Directly Attached Alkoxy Films. Shown in Figure 4a is the
p-polarized Brewster-angle transmission IR spectrum for a C18
alkoxy film directly attached to Si via UV-assisted addition of
octadecyl alcohol to H-terminated Si(111). Also shown in Figure
4 are the pb-RAIRS spectra following the deposition of Al, Au,

Figure 3. Capacitance-voltage curves. Top: Al top metal on∼3.5-
nm thermally grown SiO2 [Thr] (solid line) and Al metal on OTS/Thr
stack (dashed line). Middle: Au on∼3.5-nm Thr (solid line) and Au
on OTS/Thr stack (dashed line). Bottom: Ti on∼3.5-nm Thr (solid
line) and Ti on OTS/Thr stack (dashed line). All CV curves shown are
obtained at 1 kHz.
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and Ti. In all three cases, there are no detectable hydrocarbon
features in the spectra. Simulated spectra based on either a
Bruggeman or Looyenya effective medium approximation for
a molecular film with 50% metal fraction are shown in Figure
4a. Weak CH features are still present. These simulations
strongly suggest that the metals have displaced the alkoxy films,
severing the C-O-Si covalent linkage.

The displacement of the molecular film is consistent with
the I-V characteristics shown in Figure 4b. Reference devices,
formed by direct deposition of the respective metal on the
H-terminated surface, exhibit the expected metal/semiconductor
behavior with Au on n-Si devices once again most rectifying.
The changes in the I-V characteristics upon introduction of
the directly attached alkoxy film are very different than in the
case of OTS/oxide. There is no evidence of significant blocking
behavior due to the presence of the alkoxy molecular film. In
fact, for Al and Ti, there is anincreasein the reverse bias
leakage, while for Au, there is a slight decrease in the
rectification and a decrease in the forward bias current. We
propose that the process by which the metal displaces the
molecular film creates a metal/semiconductor interface that is
less ideal than when the top metal is directly deposited on
pristine H-terminated Si surfaces. This causes a lowering of the
Schottky barrier (with respect to that at the ideal metal/H-Si
interface) that leads to the observed IV curves having a greater
reverse current leakage. C-V measurements (not shown) are
also consistent with a direct metal/Si interface.

The displacement of the directly attached films is remarkable,
in light of the robust behavior of the silane-derived films. The
displacement of the films cannot be attributed solely to film
quality, as we have formed poor siloxane derived films
(ellipsometric thickness, 1.8 nm; d-, 2925 cm-1) and observed
IR and I-V characteristics similar to those reported in Figures
1 and 2. The current results imply that the reactivity of alkoxy
monolayers with metallization is intrinsically different than
siloxane films. Since this difference in reactivity does not arise
from differences in the monolayer structure, the likely source
is the substrate-molecule interfacial chemistry. Both mono-
layers are expected to form strong covalent bonds with the OTS
linked through a C-Si(OSi)3 and the octadecyl alcohol linked
through a C-O-Si(Si)3 bond. The reported bond strengths for
Si-O and Si-C linkages are nearly equivalent (Si-C, 369 kJ/

mol; Si-O, 368 kJ/mol).30 While alcohol derived films are
moderately stable in air, and aldehyde derived films are stable
for 30 min in 60 °C water,10 previous reports of C-O-Si
linkages have observed alkoxy monolayers are less stable toward
oxidation than R-Si films.31 The instability of the C-O-Si
can be understood from organosilicon chemistry where it is
known that the Si-O bond is slightly polar due to electrone-
gativity differences, which in turn activates adjacent bonds in
the molecules toward hydrolysis, reaction with fluoride ions,
and heterolytic fission reactions.32 Thus, it seems likely the
alcohol films were displaced upon metallization due to severing
the Si-Si back bonds. In fact, it has been reported that the
reaction of ethanol with porous silicon results in etching of the
Si via cleavage of the Si-Si back bonds.33 However, reactions
of alcohols do not etch single-crystal silicon and result in the
formation of R-O-Si monolayers on the intact single-crystal
surface.10,34Further work is under way to understand the detailed
nature of the metal/monolayer/substrate reactions. While previ-
ous studies have determined differing headgroups have dramatic
implications for the monolayer stability after metallization,35

our work illustrates that the substrate-monolayer interfacial
chemistry also plays a key role in the reactivity of organic
monolayers with metallization.

It is interesting to note that, even in the case of the highly
reactive Ti, the entire alkoxy film is displaced from the interface.
This implies that the Ti does not uniformly attack the film and
thus form a passivating TiC selvedge region as seen for the
OTS films. Instead, the Ti migrates to the interface, presumably
due to static defects within the organic layer, and attacks the
C-O-Si-Sibulk linkage, “unzipping” the monolayer. This is
consistent with recent detailed studies of Ti on methoxy
terminated thiol SAMs on Au, in which chemical degredation
of the films was found to be spatially heterogeneous.36

Very little electrical characterization has been performed on
directly attached films. In an earlier report, NIST-presented
C-V characterization of vapor deposited Al top contact,
octadecyl alcohol derived films.9 The observed yield for
blocking devices was extremely low. This is consistent with
displacement of the molecules in the majority of the devices.
C-V measurements have also been reported for vapor-deposited
Al on octadecene derived films37 and for Hg drop electrodes
on dodecene-functionalized surfaces.38 The high surface tension
of the Hg drop likely inhibits the metal film interaction and
subsequent displacement. It is unclear the origin of the widely
disparate results for Al/OA reported here and Al/octadecene
reported in ref 37. At a minimum, it indicates that the
performance of directly attached films is highly variable.

Summary

To summarize, we have developed and used a novel pb-
RAIRS technique to investigate the interaction between evapo-
rative metals and molecular monolayers. Electrical device
characterization was done to determine the relationship between
the experimentally determined monolayer structure and molec-
ular electronic device performance. The agreement between
these two complementary in situ probes increases our confidence
in the results and their interpretation. We observe surprisingly
little interaction between evaporative Al and Au top-metal
contacts on monolayers of OTS attached to silicon oxides. The
monolayers are slightly degraded, and there is evidence of some
metal interpenetration, but it appears that the metal principally
remains on top of the films. Ti, however, strongly interacts with
the molecular monolayer, but does not completely consume it.
On the other hand, evaporative metals appear to completely

Figure 4. p-RAIRS and IV measurements for octadecyl alcohol films
directly attached to silicon. (left) p-Polarized transmission and reflection
IR spectra (solid lines). Broken lines are EMA-generated model
spectra: Bruggeman (dotted); Looyenya (dashed). (right) I-V char-
acteristics of capacitors formed from the various metals on H-Si (solid)
and OA-Si (dashed).
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displace molecular monolayers directly attached to silicon via
UV-assisted attachment of alcohols. This dramatic difference
in monolayer stability illustrates that the substrate-monolayer
interfacial chemistry can play a critical role in the interaction
of organic monolayers and top metals.
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